Abstract Genetic background plays a dominant role in mammary gland development and breast cancer (BrCa). Despite this, the role of genetics is only partially understood. This study used strain-dependent variation in an inbred mouse mapping panel, to identify quantitative trait loci (QTL) underlying structural variation in mammary ductal development, and determined if these QTL correlated with genomic intervals conferring BrCa susceptibility in humans. For about half of the traits, developmental variation among the complete set of strains in this study was greater (P \ 0.05) than that of previously studied strains, or strains in current common use for mammary gland biology. Correlations were also detected with previously reported variation in mammary tumor latency and metastasis. In-silico genome-wide association identified 20 mammary development QTL (Mdq). Of these, five were syntenic with previously reported human BrCa loci. The most significant (P = 1 9 10 -11 ) association of the study was on MMU6 and contained the genes Plxna4, Plxna4os1, and Chchd3. On MMU5, a QTL was detected (P = 8 9 10 -7 ) that was syntenic to a human BrCa locus on h12q24.5 containing the genes Tbx3 and Tbx5. Intersection of linked SNP (r 2 [ 0.8) with genomic and epigenomic features, and intersection of candidate genes with gene expression and survival data from human BrCa highlighted several for further study. These results support the conclusion that mammary tumorigenesis and normal ductal development are influenced by common genetic factors and Electronic supplementary material The online version of this article (doi:10.1007/s00335-014-9551-x) contains supplementary material, which is available to authorized users.
Introduction
Branching processes are central to homeostasis in all multicellular organisms. The purpose of branching is to maximize the ratio surface area to volume for efficient exchange of molecules across a cellular boundary. The mammary gland is one of several well-studied ductal systems that use branching mechanisms during development (Ochoa-Espinosa and Affolter 2012). In the mouse, mammary ductal development starts on embryonic day 11.5 with the formation of mammary lines that condense into five pairs of mammary placodes (Propper et al. 2013) . These placodes then go on to form rudimentary ductal trees which are each embedded in a stroma termed the mammary fat pad (Propper et al. 2013; Sakakura et al. 2013) . Although little development of the ductal tree occurs during the immediate postnatal period, the onset of puberty causes allometic expansion and arborization (Sternlicht 2006) . This expansion produces an invasion of the mammary fat pad by primary ducts. The principle driver of this invasion is cellular proliferation within specialized structures known as terminal endbuds (TEB). These TEB not only mediate the invasion of the fat pad but also execute bifurcation, one of the two major branching modes within the gland (Silberstein 2001) . Lateral or side branching, which is the second branching mode, occurs through a combination of both cell migration and proliferation at intervals along pre-established ducts (Lain et al. 2013; Richert et al. 2000) .
Although many of the players involved in mammary ductal morphogenesis have been identified, comparison with other branching systems suggests that not only are there a large number of regulatory genes left to be discovered, but that these genes need better annotation with regard to their specific functions in mammary ductal development. For example, in Drosophila at least 200 different gene products are known to be involved in tracheal branching and can be placed into various functional categories (Ghabrial et al. 2011; Gjorevski and Nelson 2011; McNally and Martin 2011) . Likewise, in the kidney, expression of hundreds of differentiation-dependent genes has been identified and mapped to anatomically and functionally distinct regions providing a better functional context (Brunskill et al. 2011) . Recent analysis of gene expression in the developing mammary ductal system has led to the identification and compartmentalization of hundreds of differentially expressed genes (Kouros-Mehr and Werb 2006) . In addition, a genome-wide ''targetome'' (cistrome and transcriptome) analysis of PR-dependent gene expression has identified genes that potentially underlie early events in mammary ductal side branching (Lain et al. 2013) . The main limitation here is that these studies do little to place these gene candidates into the functional context of a normal developing mammary ductal system. To do this requires some way to relate changes in ductal patterning with gain or loss of gene function. A common way to do this in the mouse has been to produce genetically engineered models in inbred strains one gene at a time. This approach has been clearly effective, but an alternative approach that has not been fully appreciated yet is to take advantage of natural genetic variation with the mouse genome as a means to identify genes with functional significance to mammary branching.
The role of natural genetic variation in mammary ductal development and susceptibility to cancer has been documented for many years (Medina 2010) . In this regard, early studies on select inbred mouse strains demonstrated a link between the extent of ductal development and later development of mammary tumors (Apolant 1906; Gardner and Strong 1935; Gibson 1930; Haaland 1911) . These studies also found that certain strains exhibited altered mammary gland number and placement and displayed estrus-cycle-dependent variation in ductal morphology (Gardner and Strong 1935) . This work ultimately led to the conclusion that mammary ductal development was controlled by three factors: (1) the hormonal stimulation to which the mammae were subject, (2) the presence of an agent transmitted through the milk which was later identified as mouse mammary tumor virus (MMTV), and (3) the genetic constitution of the animal (Huseby and Bittner 1946) . More recent work with additional strains identified a role for the mammary stoma in determining strain-dependent variation in ductal development (Naylor and Ormandy 2002; Yant et al. 1998) , and documented strain-dependent variation in response to diet and exogenous estrogen and progesterone (Aupperlee et al. 2009; Lain et al. 2013; Olson et al. 2010) . Despite these, the variation of normal mammary ductal development remains undocumented across a large number of commonly available inbred mouse strains. In addition, there have only been 5 genetic loci directly linked to mammary development (Bamshad et al. 1997; Chang et al. 2009; Davenport et al. 2003; Finlay and Marks 1978; Howard et al. 2005; Howard and Gusterson 2000a, b; Megarbane et al. 2008; van Bokhoven et al. 2001; van Genderen et al. 1994; van Steensel et al. 1999) , and only one of these was identified in the mouse. Lastly, although there has been a considerable work on the genetics of mammary tumor susceptibility in mice (Hunter 2004 (Hunter , 2012 little has been done to map quantitative trait loci (QTL) and their genes to variations in normal mammary ductal development.
Recent re-sequencing efforts of inbred mouse strains have allowed for the development of high-density SNP databases for use in genome-wide association studies (GWAS) (Frazer et al. 2007; Kirby et al. 2010) . These resources, coupled with the curated collections of mouse strains available through the Jackson Laboratory and other facilities have allowed researchers to identify and map gene loci for both Mendelian-inherited and quantitative traits through in-silico GWAS (Grupe et al. 2001; Pletcher et al. 2004 ). This approach has now been successfully used to identify QTL and their underlying genes in a number of situations (Burgess-Herbert et al. 2009; Davis et al. 2013; Ghazalpour et al. 2012; Grupe et al. 2001; Miller et al. 2010; Pletcher et al. 2004; Tang et al. 2009 ). The primary goals of this study were to describe the degree of phenotypic variation in mammary ductal development across 43 strains within the mouse diversity panel (MDP), to identify QTL associated with variations in mammary ductal development, and to determine whether any correlate with known BrCA loci in humans.
Materials and methods

Ethics statement
The experiments described in this paper were conducted in accordance with procedures outlined in the NIH Guide to Care and Use of Experimental Animals, and they were approved by the Baylor College of Medicine Animal Care and Use Committee. The anesthesia used in these studies was isoflurane. Animals were euthanized by carbon monoxide asphyxiation.
Animals and study design
This study used females (N = 4/strain except where otherwise noted) from 43 inbred mouse strains considered a part of the mouse diversity panel (MDP). All animals were purchased from the Jackson Laboratory at 4 weeks of age. The strains studied included C57BL/6J, 129S1/SvImJ, A/J, AKR/J, BALB/cByJ, BPL/1J, BTBR_T?_tf/J, BUB/BnJ, C3H/HeJ, C57BLKS/J, C57BR/cdJ, C57L/J, C58/J, CAST/ EiJ, CBA/J, CE/J, CZECHII/EiJ, DBA/2J, DDY/JclSidSeyFrkJ, FVB/NJ, I/LnJ, KK/HlJ, LG/J, LP/J, MA/MyJ, MOLF/EiJ, MRL/MpJ, MSM/Ms, NOD/ShiLtJ, NON/ ShiLtJ, NZL/LtJ, NZO/HlLtJ, NZW/LacJ, PL/J, PWD/PhJ, PWK/PhJ, Qsi5, RIIIS/J, SEA/GnJ, SJL/J, SM/J, SWR/J, and WSB/EiJ of age. On arrival, animals were maintained at an ambient temperature of 21°C, and a light:dark cycle of 14:10 and fed the 2020X pelleted diet (Harlan Teklad, Indianapolis, IN). Biopsies of the #4 mammary gland were collected at 6 and 12 weeks of age. Prior to each biopsy, the study animals were administered a subcutaneous injection of pregnant mare serum gonadotropin (Calbiochem, San Diego, CA) followed 45-47 h later with a subcutaneous injection of human chorionic gonadotropin (Ferring Pharmaceuticals, Parsippany, NJ.). Biopsies were collected at 24 h following HCG-injection. These treatments are known to induce ovulation and synchronize all of the animals to the estrus phase of the cycle (Hong et al. 2010; Owen et al. 2013 ).
Processing and imaging of hematoxylin-stained mammary wholemounts Inguinal (#4) mammary glands were collected and flattened between two microscope slides during fixation. Glands were fixed at least 12 h in Tellyezniczky's fixative and then stained with iron hematoxylin following a previously described procedure (Rasmussen et al. 2000) . Stained wholemounts were imaged in color at 7200 DPI using the Pathscan Slide Scanner (Meyer Instruments, Houston, TX). Color digital images were processed and segmented using Image Pro 7.0 (Media Cybernetics, Rockville, MD). The original image ( Figure S1A ) was first subjected to the application of a kernel filter with a 7-pixel feature width to create a background image ( Figure S1B) . A backgroundsubtracted image of the ductal tree ( Figure S1C ) was then created by subtracting the original image from the background image. A manually cleaned, background-subtracted image was then produced by manually selecting regions of interest that contained non-ductal elements and filling these with the black background present in each image. Each image was then converted to grayscale and then thresholded in order to count and measure the resulting ductal tree with the count-and-size function in Image Pro ( Figure  S1D ). The step also imposed a 500 pixel size filter to remove small non-ductal objects that were missed in manual processing steps. The resulting count mask ( Figure  S1E ) was then used to generate a skeletonized representation of the ductal tree for further measurements ( Figure  S1F ). Length and area measurements were converted from pixels to mm or mm 2 by using a reference calibration image.
Description of ductal development traits
Ductal traits were measured in females at either 6 or 12 week of age. To make the measurement, mammary wholemounts were stained and imaged ( Figure S2A ). The resulting images were processed to produce binary images of the ductal tree ( Figure S2B ). Ductal area ( Figure S2B ) was measured in square millimeters by determining the number of pixels that occupied the ductal tree and making the appropriate conversion based on image resolution. Ductal perimeter was measured in millimeters as the length of the line outlining the ductal tree including holes ( Figure S2C ). The ductal tree was then digitally eroded to produce a skeleton of single pixel width and the branch points were detected and counted ( Figure  S2D ). Branch density was determined as the ratio of total branch points to the sum of the lengths of all ductal segments within the skeletonized tree. Hereafter the traits measured as 6 weeks of age will be referred to as area_6, perimeter_6, branches_6, length_6, and density_6. Likewise, the traits measured at 12 weeks of age will be referred to as area_12, perimeter_12, branches_12, length_12, and density_12. Lastly, because both the 6 and 12 week data were collected from wholemounts taken from the same animal, individual rates of change were calculated for all 5 traits as the difference between the 12 week measurement and the 6 week measurement. These will be referred to as the D_traits: area_D, perimeter_D, length_D, branches_D, and density_D.
Wholemount immunostaining
To provide samples for optical projection tomography (OPT), mammary gland wholemounts were fixed for 6 h at 4°C in 4 % paraformaldehyde in phosphate-buffered saline (PBS) at pH 7.4 containing 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 Á7H 2 O, and 1.4 mM KH2PO4. The samples were then washed twice for 1 h each at room temperature in PBS and once in Tris-buffered saline at pH 7.5 (TBS) containing 100 mM Tris base and 0.9 % NaCl. The wholemounts were then permeabilized in TBS containing 0.1 % triton-X 100 (TBST). Following permeabilization, the samples incubated for 5 min at room temperature in TBST containing 40 lg/ml proteinase K (Promega Corp., Madison, WI.). The samples were then treated with 0.5 mm phenyl methyl sulfonyl fluoride in TBST and then washed an additional 3 times for 5 min each in TBST. The samples were then blocked at 4°C in TBST with 10 % normal goat serum (Thermo Scientific, Waltham, MA.) . Following the blocking step, samples were incubated overnight a 4°C in a 1:500 dilution of anti-e-cadherin antibody (Invitrogen Life Technologies, Grand Island, NY.). The samples were then washed 5 times for 1 h each at room temperature and then incubated overnight at 4°C with a 1:1,000 dilution of Texas-red-conjugated goat-anti-rat (Life Technologies). The samples were then washed 59 for 1 h each at room temperature in TBST and post-fixed overnight at 4°C in 4 % PFA. After post-fixing, the samples were shipped in PBS to Seattle Children's Research Institute for embedding and optical projection tomography (OPT) scanning at the Small ANimal Tomographic Analysis (SANTA) Facility.
OPT scanning and image processing Stained mammary wholemounts were embedded in 1.1 % low-melting point agarose and dehydrated in 100 % methanol for 3 days with the methanol changed each day. Embedded samples were then cleared for three to four days, depending on the size of the specimen, with 1:2 benzyl alcohol:benzyl benzoate (BABB), with the BABB changed each day. Imaging was then performed at standard resolution (512 9 512) using a Bioptonics model 3001M Optical Projection Tomography (OPT) scanner (Skyscan, Belgium). The ultraviolet light imaging mode, using a Texas-red filter, was used to capture fluorescence specifically from the antibody staining. Independent scans varied in their pixel resolution (*31-39 lm) and exposure time depending on the specimen size and intensity of staining, respectively. Scans were routinely carried out using a rotation step of 0.9°, i.e., data acquisition through 400 rotational positions. Raw image data (16-bit TIFFs) were reconstructed to multiplanar slice data on a workstation cluster using NRecon (V 1.6.9) software (Skyscan, Belgium) and saved as an 8-bit BMP stack. Histogram ranges were adjusted as needed during reconstruction to improve signal intensity. A smoothing value of 1 was used for all reconstructions. Reconstructed data were then imported into Analyze 10.0 (Mayo Clinic) for digital removal of the mammary node. Segmented data were then rendered for viewing as a 3-dimensional volume using Drishti v2.3 Volume Exploration Software (http://sf.anu.edu. au/Vislab/drishti). Images and movies were captured directly from within Drishti. Skeletonization of the ductal trees and generation of phylograms was conducted with Tree Surveyor and Tree Graph, respectively (Short et al. 2013; Stover and Muller 2010) .
Data processing and analysis
For GWAS, all trait data quality control and analysis were conducted using packages within the R environment (Team 2010) . Comparisons of trait variation, along with the generation of histograms and scatterplots, for the data were accomplished using the base R functions. Descriptive statistics were obtained for each of the strains using the doBy package (Højsgaard et al. 2013) . Broad-sense heritability estimates were calculated as previously described (Miller et al. 2010 ) using an excel spreadsheet kindly provided by Dr. Mathew Pletcher (Pfizer Inc. New York, NY). The clustered heatmap of strain-means comparing traits was created using the heatmap.2 function in gplot (Warnes et al. 2011) , in conjunction with Mkmisc (Kohl 2011) and RcolorBrewer (Neuwirth 2007 ).
Genome-wide association GWA was conducted using the EMMA package in R (Kang et al. 2008) in conjunction with a composite SNP dataset that was obtained from the Mouse Phenome Database (http://phenome.jax.org/). The dataset consisted of 600,831 genotype calls based on the CGD-MDA2, Broad2, and WTCHG1 SNP sets. Coordinates for this dataset are based on GRCm38/mm10. Any SNPs with minor allele frequencies less than 0.05, no call rate greater than 0.2, and SNP for the Y chromosome were excluded from the analysis. This resulted in a dataset of 437,730 SNP we refer to as the 400K set. All phenotype data were transformed into normal scores using the qqnorm function in base R. Genome-wide significance thresholds were set by running EMMA on 1000 permutations of the data from each trait (Churchill and Doerge 1994) . Manhattan plots were constructed using publically available code for a function written for ggplot2 (Stephen Turner, http://gettinggen eticsdone.blogspot.com/). Regional association plots were generated from the 400K set using an R-function (https:// www.broadinstitute.org/diabetes/scandinavs/figures.html) obtained from the Broad Institute website. Estimates of local recombination rate were derived from recently published analysis (Brunschwig et al. 2012 ). Long-range LD was also estimated for significant loci by calculating r 2 .
Identification of potential causal SNPs and genes
Analysis of linkage disequilibrium (LD) in the regions surrounding associations was conducted by calculating r 2 for SNP within 10 MBP on either side of the lead SNP. This was initially done with 400K set, but was then repeated using additional SNP genotype calls obtained by combining data from several additional datasets in the Mouse Phenome Database. This set includes genotype calls from Perlegin2, CGD-MDA1, Broad2, Chicago1, UNS-MUGA1, JAX-SNP1, CGD-IMP2, and CNB1 and will be referred to as the HD set. Only high-confidence calls were used from CGD-IMP2 dataset. Using the HD set, an LDblock, and the genes contained within it, was defined as the distance between the most distant flanking high-LD SNP on either side of the lead SNP. High-LD SNPs were defined as those that had a no call rate of B0.3 and an r 2 of C0.8 with the lead SNP for each QTL region. The accompanying functional annotations for these high-LD SNP were also downloaded from the Mouse Phenome Database. To identify the genomic features which overlapped with the mdq loci, the lead and high-LD SNP for each QTL, were intersected with ChIP-seq data for histone methylation (GSE25105) (Rijnkels et al. 2013) , with STAT5 (GSE48685) (Yamaji et al. 2013 ) and progesterone receptor (GSE42887) (Lain et al. 2013 ) binding sites, and with consensus transcription factor-binding sites defined by Hypergeometric Optimization of Motif Enrichment (HOMER, http://homer.salk.edu/homer/). The position information for these SNP in mouse genome assembly mm9 was retrieved and intersection was performed using the UCSC genome browser table-browser (http://genome. ucsc.edu/) or Galaxy (http://galaxyproject.org/). The pot ential effect of 3 0 UTR SNP on miRNA target sites was analyzed using PolymiRTS Database (http://compbio. uthsc.edu/miRSNP/).
Results
Analysis of mammary ductal development traits at 6 and 12 weeks of age To evaluate the impact of genetic background on mammary ductal development, we compared mammary wholemounts from 43 different inbred mouse strains. The collection of the left and right inguinal mammary glands from each animal at 6 and 12 weeks of age allowed for an analysis at different developmental stages and facilitated the calculation of developmental rates for each trait based on the difference between the two ages. Because stage of the estrus cycle is known to cause variations in mammary development, this was corrected for by synchronizing the animals with gonadotropin injections prior to collection of the biopsies. Consequently, all animals should have been in metestrus at the time of biopsy collection. To accomplish the wholemount analysis, digital images were processed to produce a binary image that was then measured with the count and size function of Image Pro Plus ( Figure S1 ). A total of 5 different quantitative measurements ( Figure S2 ) were made on the ductal trees that were segmented from these binary images. The analysis of these at both ages along with the calculation of the difference for each of the traits produced a total of 15 trait measurements for each animal.
Correlation structure among ductal development traits with body weight and sexual maturation To visualize the correlation structure among the different traits, a lattice plot was constructed showing histograms for each trait on the diagonal, scatterplots for each trait to the lower left diagonal of diagonal, and Pearson correlations to the upper right of diagonal ( Fig. 1 ) This visualization demonstrated that within each of the time points all of the traits were moderately to highly correlated. The highest Pearson's r values (0.98) were observed between length_6, and area_6, perimeter_6, and branches_6 (Fig. 1a) . Density_6 was also correlated to these traits, but the r values were more moderate. A similar correlation structure was observed among the 12-week traits (Fig. 1b) and the D-traits (Fig. 1c ), but these were lower than that present at 6 weeks. The D-traits were also correlated to the 12-week traits, but not the 6-week traits. In addition for area, perimeter, length, and branches, there were moderately high Pearson's correlations with body weight at both 6 and 12 weeks of age. These were the highest within an age group and decreased when compared across ages. This observation supports the suggestion that larger strains had higher ductal development.
Because the rate of ductal development is slow during the early neonatal period and is increased with the onset of puberty, differences in ductal development would have been expected in response to variations in the timing of puberty (Flux 1954 ). Although we did not control for this in the current study, we were able to determine the degree to which onset of puberty contributed to the variations in mammary ductal development. To determine the relationship between ductal development and onset of puberty, previously published (Yuan et al. 2012 ) observations on vaginal patency were obtained from the Mouse Phenome Data base (MPD). For 29 of the 43 strains in our survey, measurements of vaginal patency could be obtained from the MPD. Data were unavailable for BPL/1J, C58/J, CE/J, CZECHII/EiJ, DDY/JclSidSeyFrk/J, I/LnJ, LG/J, Ma/MyJ, MSM/Ms, NZL/LtJ, NZO/HiLtJ, PWK/PhJ, Qsi5, and SEA/GnJ. Comparative analysis using strain means revealed that strains with a lighter body weight had delayed (r = -0.55, P \ 0.0005) vaginal patency ( Fig. 1) . In addition, all of the ductal development traits except density_6, density_12, and density_D tended to be higher in strains that underwent vaginal opening earlier. Importantly, all of the D-traits had little or no correlation to vaginal patency. This result indicates that although the extent of ductal development in any one biopsy is influenced both by the rate of growth and sexual maturation, the growth rate of the mammary ductal tree, as indicated by the difference between two sequential biopsies from the same individual, is independent of the timing pubertal onset.
Comparison of ductal development at 6 and 12 weeks To visualize the amount of variation present in mammary ductal development and to determine the effect of age, the distributions for each of the five traits at 6 and 12 weeks of age were compared (Fig. 2) . For all of the traits except density, the distributions were skewed. In addition, the average values for all of the 12-week traits were higher (P \ 0.05) than those for the 6-week traits. This observation was consistent with the known fact that the mammary ductal system continues to expand between these two ages in the mouse. Importantly, strain accounted for a highly significant (P \ 0.0001) proportion of the observed variation in all of the traits (Table S1 ). However, not all strains demonstrated increases in all of the ductal traits with age. Estimates of broad-sense heritabilities were generally the highest for the 6-week traits and lower for both the 12-week and D-traits. These ranged from a low of 0.32 for density_6 to a high of 0.65 for length_6 (Table S1 ). This result demonstrates that ductal development traits in the mouse are moderately to highly heritable and emphasizes the importance of genetic background as a determinant of mammary ductal development.
Hierarchical clustering of the strains by developmental changes
To determine if the strains could be grouped based on temporal patterns of mammary development, a heat map was produced and strains were clustered on the basis of their average normal scores for each trait (Fig. 3a) . This revealed that strains could be grouped into at least four clusters. Cluster 1 strains exhibited the highest overall development at 6 weeks with only modestly high D for the traits. Cluster 2 strains had average to below average development at 6 weeks, but some of the highest development observed in the entire population at 12 weeks. This cluster also contained strains with the highest rates of development between 6 and 12 weeks. Cluster 3 had above average development at 6 weeks, average to below average development at 12 weeks, and average to below average developmental rate. Cluster 3 also included the population average, along with the commonly studied strains FVB/NJ and C57BL/6J. Cluster 4 strains had below average development at 6 weeks, below average development at 12 weeks, and average to below average developmental rates. Alignment of the heatmap with a genetic distance matrix (Fig. 3b) demonstrated that with the exception of four of the six wild-derived strains that were analyzed, there was only limited clustering of the strains by kinship. This was further illustrated by the fact that although there were five C57-related strains in the analysis, they did not cluster together in the heatmap but were distributed across clusters 3 and 4. A more extreme example of this is the comparison between BTBR\?[tf/J and 129S1/SvImJ. These two strains, though closely related, were quite different (P \ 0.05) in their degree of mammary ductal development. This result illustrates that variation in the timing of ductal developmental onset, as well as in the rate of ductal development is influenced by genetic differences among even closely related strains.
Comparisons to previously studied strains Although inbred strain comparisons of mammary gland development have been made by others (Gardner and Strong 1935; Gibson 1930; Huseby and Bittner 1946; Naylor and Ormandy 2002; Olson et al. 2010; Yant et al. 1998) , the 17 different strains described in all of these studies combined are still small in comparison to the roughly 224 inbred strains described in the mouse phenome database (http://phenome.jax.org/). Of these 17 ''classical'' strains, 7 were available and included in the current work. Fig. 2 Distributions for quantitative ductal development traits among virgin female mice from inbred strains within the MDP. Ductal development traits were measured in inbred mouse strains (n 2-5/ strain) from the MDP at either 6 (n = 171) or 12 (n = 158) weeks of age. The trait distributions at 6 week (pink) or 12 weeks (blue) of age are presented as histograms for ductal area (a), ductal perimeter (b), total branch count (c), total duct length (d), and branch density (e). All five traits were increased (P \ 0.05) in 12 week samples in comparison to 6 week samples In addition, a subset of five strains that are in common current use for mammary biology were also included in the current work. Examination of the heatmap (Fig. 3 ) demonstrated that there were nine additional strains within the complete set described here, which display more extreme differences in the ductal traits than the classical or commonly studied strains. In addition, comparison of the variances for the 15 traits among the classical and common strains with that observed for the entire set of strains (Table  S2) revealed that for 14 of the 15 traits, these variances were larger in the entire strain set. Comparing to classical strains, these increases were significant (P \ 0.05) for 4 of the 5 traits at 6 weeks, and 2 of the 5 traits at 12 weeks of age. For the difference traits, the variances were not significantly different. These results support conclusion that in analyzing additional strains, the current work has been able to capture a larger amount of phenotypic variation in mammary ductal development than has previously been described.
Identification of new phenotypic extremes
To identify strains that constituted extreme ends of the distributions for each trait one-sample, t tests were conducted comparing each strain mean (Table S1 ) to the ''population'' mean. At 6 weeks, all of the traits except perimeter_6 and density_6 had the same strains at the upper and lower extremes of the distributions. These were NZL/LtJ, KK/HlJ, and DDY/JcLSidSeyFrk/J, and LP/J, PWD/PhJ, and PL/J, respectively. For Perimeter_6, DDY/ JcLSidSeyFrk/J, Qsi5, and NZL/LtJ were the top three and KK/HlJ was fourth. For density_6, the upper distribution extremes were PWK/PhJ, BUB/BnJ and NZO/HlLtJ, respectively. At the lower end of the density_6 distribution, only DBA/2J was significantly less than the population mean. A third strain, CZECHII/EiJ is worth mentioning since this strain not only had decreased (P \ 0.05) perimeter_6 in comparison with the population mean, but also displayed a unique ductal pattern. Table  S1 Visualization of ductal phenotype extremes In addition to great variation in these global measurements of ductal development, there were strains which displayed ductal patterning that could be considered extreme. Figure 4 shows examples of strains that were representative of each of the four development clusters and also illustrates examples of two extreme strains, KK/HlJ (a, b) and CZECHII/EiJ (o, p). Comparison of wholemount images of these strains with more commonly studied strains such as FVB/NJ (i, j) C57BL/6J (k, l), and BALBc (m, n) revealed striking differences (Fig. 4) . The most dramatic of these was observed in the CZECHII/EiJ strain. Ductal development for this strain was near the bottom of the distributions for all traits. Beyond this, however, the mammary ductal system in these mice displayed pronounced elongation of 2-3 primary ducts with little to no bifurcation or side branching beyond the region of the lymph node (Fig. 4o) . By 12 weeks of age, this unique pattern manifests itself as unusually long primary branches with mostly secondary branching (Fig. 4p) . This pattern was even more appreciable in rendered 3D reconstructions (Fig. 5a, b) of the mammary ductal trees obtained by wholemount staining for the epithelial marker, e-cadherin, and imaged by optical projection tomography (Video S1). At the upper extreme of the developmental distribution in development cluster 1 were the KK/HlJ (Fig. 4a, b) and BUB/BnJ (Fig. 4c, d ) strains. These mice not only had high values for all ductal development traits at 6 weeks, but also displayed distinctly high amounts of branching near the ductal tips and higher amounts of TEB bifurcation or TEB which were lobular in appearance. This property was also better appreciated in rendered 3D reconstructions (Fig. 5d, e) of ductal trees from the KK/HlJ females taken at 6 weeks of age (Video S2). Processing of the reconstructed tomographic data with TreeSurver produced a skeletonized representation that could be subsequently visualized as a phylogram (Fig. 5c,  f) . These phylograms further illustrated that the two strains exhibited not only global differences in mammary ductal development, but also local patterning differences. The phylogram for the CZECHII/EiJ was less open in early ductal generations as an indication of shorter duct length, while the reverse was true in the KK/HlJ phylogram. In addition, the KK/HlJ phylogram shows much more frequent branching at the ductal tips supporting the conclusion that strain-dependent differences exist in local patterning of the mammary ductal system.
Ductal development is modestly correlated to mammary tumorigenesis
To get an initial indication of the relationship between ductal branching and mammary tumorigenesis, the data collected in this study were combined with previously published data on mammary tumorigenesis and metastasis in F1 progeny resulting from a cross between different In cluster 2 were the AKR/J (e, f) and PL/J (g, h) strains. In cluster 3 were the FVB/NJ (i, j) and C57BL/6J (k, l) strains. At the lower extreme of ductal development were the BALB/cByJ (m, n), and CZECHII/EiJ (o, p) strains inbred mouse strains and the FVB/N-Tg(MMTVPyVT)634Mul/J strain (Lifsted et al. 1998 ). Alignment of the strain means from the wholemount data with the means for tumor latency and metastatic index produced a set of coincident data points for 22 strains. Calculation of Pearson's correlations for these strains (Fig. 6a) revealed that several normal development traits including density_6, branches_12, density_12 branches_D, and length_D had positive Pearson's correlations with tumor latency or metastatic index in the range of 0.33 (P \ 0.05) to 0.40 (P \ 0.01). Closer inspection of the scatter plot for density_12 and metastatic index revealed the appearance of two clusters of strains which were separated by differences in density (Fig. 6b) . The R 2 for each of these was 0.73 and 0.76. This result supports the suggestion that tumor latency and metastatic index may be influenced by variations in the same factors that control normal mammary ductal development.
QTL for ductal development traits in the mouse
To identify genomic regions associated with the various ductal traits measured in this study, in-silico GWAS was conducted using the 400K SNP dataset. To set a reliable significance threshold EMMA was run on 1000 permutations of the phenotype data for each of the 15 traits. Taking the 5th percentile from the distribution of minimum P values for each permutation analysis produced a genomewide threshold for a = 0.05 of 1.9 9 10 -6 ± 3.6 9 10 -7 . Based on this threshold, 20 mammary ductal QTL (Mdq) containing associated SNP were detected on chromosomes 1, 2, 5, 6, 7, 9, 13, 15, 16, and 18 ( Fig. 7 ; Table 1 ). The most significant (P = 8.9 9 10 -12 ) of these (Mdq1) was detected for branches_D on MMU6 (Fig. 7m) . This region was also associated with perimeter_D ( Fig. 7l) and length_D (Fig. 7n) . The second most highly significant (P = 2.1 9 10 -9 ) locus, Mdq2, was on MMU1 and was associated with area_12 ( Fig. 7f) . This QTL was also associated with perimeter_12 (Fig. 8g) , branches_12 (Fig. 7h) , and length_12 (Fig. 7i) , and was close to two additional loci (Mdq7 and Mdq20) associated with the same traits ( Table 1 ). The third most significant (3.2 9 10 -9 ) locus, Mdq3, was on MMU18. This QTL was associated with perimeter_6 ( Fig. 7b), area_6 (Fig. 7a) , branches_6 (Fig. 7c) , and length_6 (Fig. 7d ). There were three loci with p values in the range of 10 -8 found on MMU2, 13, and 16, respectively (Table 1) . These were associated with density_6 (Fig. 7e), branches_D (Fig. 7m) , and density_12 (Fig. 7j) , respectively. In addition to Mdq7 and Mdq20, nine QTL had p values in the range of 10 -7 and three were in the range of 10 -6 (Table 1 ). All significant QTL were tested for long-range LD, which has previously been suggested to be a confounding factor in GWAS (Cervino et al. 2005 
Cross-referencing human breast cancer (BrCa) GWAS
To determine if any of the Mdq described here were syntenic with previously described human BrCa loci, the UCSC genome browser was used to perform a liftover of the murine coordinates for each locus from mm10 to hg19. Combining the results with a previously published summary of human BrCa risk loci (Ghoussaini et al. 2013) revealed that 5 of the 20 Mdq were syntenic with previously detected BrCa risk loci (Fig. 7) . The potential significance of these loci as well as the remaining QTL will be addressed further below.
Defining LD blocks and identification of candidate genes
To identify potential candidate genes with the mdq loci, additional genotype calls were obtained from 9 MPD databases and included the calls for each of the 20 mdq lead SNP. For each of the lead SNP within a locus, both D and r 2 were calculated for surrounding SNPs at up to 10 Mbp on either side. An r 2 [ 0.8 was used to set the size of the LD block relative to the lead SNP in each QTL (Table 1) . Using this criteria a total of 6,650 high-LD SNP (high-LD SNP set) were identified, and 19 of the 20 loci had detected LD blocks. These blocks ranged in size from 43,727 bp for Mdq12 to just over 4.1 Mbp for Mdq20. Intersection of these blocks with genomic data from the Mouse Phenome Database identified 157 potential candidate genes (Table 1) . Local LD plots for Mdq 1 and 2 illustrate the approximate boundaries and the genes contained in them (Fig. 8a, b ). For Mdq3, although an associated SNP was contained within the last intron of the Cdh2 gene, there was no strong evidence for an LD block containing other genes (Fig. 8c) . Both Mdq11 and 15 were found to overlap with previously described human BrCa risk loci, and contain genes that have been found to play a role in normal mammary gland development ( Fig. 9a, b ; Table 1 ). In Mdq11, the genes Sox6, Plekha7, and Pik3c2a have potential relevance to mammary biology or BrCa (Castellana et al. 2012; Kendrick et al. 2008; Kurita et al. 2013 ). While Mdq15 contained 19 genes including Tbx3, which plays an important role in embryonic mammary gland development and has also been implicated in human mammary-ulnar syndrome (Bamshad et al. 1997 (Bamshad et al. , 1999 . Furthermore, Mdq19 was interesting because the LD block for this region contained 12 genes including the Pgr gene, which is known to be indispensable for mammary ductal side branching (Mulac-Jericevic et al. 2003) (Fig. 9c) . Of the remaining QTL, noteworthy candidate genes within these loci include several keratin genes found in Mdq17, and the gene Wnt2 found in Mdq13 (Table 1 ). The fact that there was both overlap of these novel mammary ductal QTL with both BrCa risk alleles and genes with a known role in mammary ductal development supports the conclusion that both the measurements described in this manuscript, and the GWAS approach, were successful at discovering loci important to mammary gland development. Follow-up functional studies on these novel loci will be important. Fig. 6 Mammary branch density at 12 weeks of age is positively correlated to mammary tumor metastasis. Strain means from the current study were combined with previously published observations on mammary tumor latency and the incidence of lung metastases in F1 offspring from inbred strains crossed with transgenic mice overexpressing polyomavirus middle T (FVB/N-Tg(MMTVPyVT)634-Mul/J). Scatterplots, histograms, and Pearson's r are shown for those traits most highly correlated to tumor latency and metastatic index (a). Traits with a Pearson's r [ 0.3 were significantly correlated (P \ 0.05). Visualization of branch density at 12 weeks of age suggests the presence of two groups of strains each with ductal density that is highly correlated to lung metastatic index (b). Tumor data are from (Lifstedt et al. 1998) Intersection of gene candidates with human breast tumor data To identify links between the GWAS candidate genes and BrCa outcomes in humans, the genes identified in Table 1 were cross referenced to a compendium of breast tumor expression profile datasets (*1,340 tumors) (Kessler et al. 2012) to determine if the gene set was associated with differences in tumor type or distant metastasis-free survival (DMFS). Of the 157 genes in Table 1 , there were 82 human orthologs represented in the breast tumor compendium. Although the complete gene list as a signature was not associated with tumor type or survival, there were 30 genes in the list that were associated (P \ 0.05, univariate Cox) with survival. The most significant of these (by Kaplan-Meier analysis, P \ 0.05) was the orthologs for Pcna, Pgr, Cacybp, Rgl1, Spbc25, and Rnft2 (Fig. 10) . Both Pcna and Pgr were highly associated (P \ 1 9 10 -6 ) with altered DMFS. For Pcna, Spbc25, Cacybp, and Rnft2, DMFS was the lowest with high expression, while the opposite was true for Pgr and Rgl1. These results further support the notion that novel gene targets, relevant in the setting of human disease, can be discovered through the analysis of the genetics underlying normal mammary ductal development in mouse populations of varying genetic background.
Intersection of SNP associations with genomic features
The ultimate objective in GWAS is to identify the causal mutations for a particular disease or trait. The vast majority of disease-associated or trait-associated loci are found within non-coding regions of the genome . Consequently, a crucial strategy to identifying the casual mutations underlying these loci has been to identify proxy SNPs within the QTL interval that are in high LD (r 2 C 0.8) to the Fig. 7 Significant genome-wide associations for mammary development traits. Genome-wide association analysis was conducted using EMMA. Manhattan plots are shown for ductal area (a, f, k) perimeter (b, g, l) branches (c, h, m), length (d, i, n), and density (e, j, o) at 6 week (a-e), 12 week (f-j) and for the delta between 6 and 12 week (k-o). Regions with significantly associated SNPs (cyan) were identified using a Bonferroni-adjusted threshold of 2 9 10 -6 . Significant associations were detected on MMU 1, 2, 5, 6, 7, 13, 15, 16, and 18 . Regions of synteny between mouse and human were identified using the UCSC genome browser. These regions were then cross referenced with a list of recently summarized human BrCa risk loci. Chromosomal locations of ductal development loci are shown as squares. Each square is labeled with the corresponding location in the human genome. Mouse loci overlapping human BrCa loci are colored red. Locations of the human BrCa loci were obtained from (Ghoussaini et al. 2013) (Chen et al. 2014; Maurano et al. 2012; Paul et al. 2013 ). Of the 6,650 SNP in the high-LD SNP set, only 1 % was in coding DNA. Sixty-two of the 157 genes encompassed in the QTL loci, contained SNPs in high LD (r 2 C 0.8) with the lead SNPs. Only 9 of these high-LD SNPs were found to produce non-synonymous (ns) substitutions in the amino acid sequence for the genes in which they resided. Examination of these substitutions (Table S4 ) (http://www. russelllab.org/aas/aas.html) revealed that 4 were predicted to potentially affect protein function of Apobec4, Gm5563, and Krt76 (Betts and Russell 2003) . The remaining 5 nsSNPs were predicted to have minimal affect on protein function. In contrast, 99 % of high-LD SNP were either intergenic, within introns, or within 5 0 or 3 0 untranslated regions. These results emphasize the importance of leveraging data on addition genomic features as a means to narrow the list of potentially causal SNPs in non-coding regions.
SNPs in 3
0 UTR microRNA target sites MicroRNAs (miRs) are known to regulate gene expression by influencing mRNA stability or translation (Ambros 2004) . Polymorphisms in miR targets have been associated with several diseases including BrCa (Brewster et al. 2012; Sethupathy and Collins 2008) and PolymiRTS is a useful tool to identify these (Bhattacharya et al. 2014 ). There were 60 high-LD SNP contained within 3 0 UTR. Of these, 12 overlapped with miR target sites in 9 genes (Table S5 ). In 5 of these, the mutant allele is predicted to alter miR target site. These potentially function-altering UTR SNPs were found within the genes Lamc1, St7, Dhrs9, and Colgalt, suggesting that these genes could be candidates for future verification.
Overlapping SNPs with ChIP-seq data and HOMER motifs To determine if the high-LD SNP within the mdq loci represented potential causal loci, we intersected these Fig. 8 Visualization of local LD in the top 3 candidate regions. LD was assessed by calculating r 2 for SNP within a region that was 1 MBP on either side of the lead SNP for the top 3 associations based on P value. These associations were detected on MMU 6 (a), 1 (b), and 18 (c). The associated SNPs are plotted along with their respective P values, as well as recently derived estimates of local recombination rates (Brunschwig et al. 2012) . Potential candidate genes are also shown as well as potential causal SNP contained within and around genes. For each plot, the lead SNP is shown as the largest symbol, colored blue along with it respective id and P value. SNP with other genomic features. We used ChIP-seq data for the modification Lysine 4 di-methylation on histone H3 (H3K4me2) as a mark for potential regulatory elements (Rijnkels et al. 2013) , and ChIP-seq data for two transcription factors that have known importance in mammary gland biology, STAT5 and progesterone receptor (Lain et al. 2013; Yamaji et al. 2013) . Of 6,650 high-LD SNP analyzed 444 were located in K4me2-enriched regions in the mammary gland (Table 2) , while 23 and 71 high-LD SNP were located in STAT5a and PgR bound regions, respectively (Table 2 ). To identify SNP that overlap with predicted transcription factor (TF) binding motifs, we intersected the high-LD SNP set with HOMER motifs (Heinz et al. 2010 ). Of the 6,650 SNPs in the dataset 2995 overlapped with a HOMER motif ( Table 2) . A total of 172 of these were also found to overlap with K4me2-enriched regions, while 13 overlapped both with STAT5 and HOMER and 37 with PgR and HOMER. Lastly, there were 6 high-LD SNP that overlapped with open chromatin in the mammary gland (K4me2), STAT5 bound regions and Homer motifs and 18 overlapped with K4me2, PgR and homer motifs (Table  S6) . These results provide a more focused list of 208 high-LD, high-priority, SNPs for follow-up as causal loci. Of these, 23 are supported by both ChIP-seq and bioinformatics analysis (Table S6) . Fig. 9 Visualization of local LD in candidate regions with overlap to human BrCa risk alleles or containing known mammary ductal development genes. LD was assessed by calculating r 2 for SNP within a region that was 1 MBP on either side of the lead SNP for the top QTL that overlapped with known human BrCa loci (Mdq11 and 15) or contained genes with strong evidence supporting a direct role in mammary ductal development (Mdq19) based on P value. These QTL were detected on MMU5 (a), 6, (b), and 9 (c). The associated SNPs are plotted along with their respective P values, as well as recently derived estimates of local recombination rates (Brunschwig et al. 2012) . Potential candidate genes are also shown as well as potential causal SNP contained within and around genes. For each plot, the lead SNP is shown as the largest symbol, colored blue along with it respective id and P value. 
Discussion
The heritable nature of BrCa (Peto and Mack 2000) has driven an enormous effort to identify loci within the human genome that modifies the risk for this disease. Most recently, the use of genome-wide association studies (GWAS) in human populations has identified 72 loci associated with a modest (relative risk \1.5) increase in BrCa risk (Ghoussaini et al. 2013) . The identification of these loci represents an enormous opportunity to further our understanding of BrCa, but this work also points to the complexity of the disease, since all of these common alleles have only modest effects and likely interact in complex ways. Even with all of the loci identified to date, a majority of the heritability for BrCa still remains to be identified (Ghoussaini et al. 2013 ). This highlights the need for novel approaches to identifying genetic loci that could contribute to BrCa risk. This work highlights the importance of using genetically diverse mouse populations as a means to link early mammary ductal development phenotypes to the potential risk alleles for BrCa in a way that could not be done in human studies.
Technical factors associated with variations in mammary ductal morphology
The analysis of mammary ductal development traits is complicated by two types of factors; technical and biological. From a technical standpoint, the traits are difficult to measure objectively and require sophisticated image analysis techniques (Fernandez-Gonzalez et al. 2004) . The current study is one of only a few (Atwood et al. 2000; Fuseler et al. 2014; Robichaux et al. 2014 ) that uses image processing to segment the ductal tree away from the surrounding stroma and convert it into a structure can be directly measured. Even with this approach, however, the measurements only describe ductal development on a global scale and do not capture regional variation within the ductal system. To do this with any degree of precision would require the ability to work in 3D. In other branched systems such as the kidney and lung, 3D analysis has facilitated the identification of regional differences in ductal patterning (Metzger et al. 2008; Short et al. 2013) . For the lung, this has led to the conclusion that ductal patterning is ''hardwired'' (Metzger et al. 2008 ). In the kidney, 3D analysis has identified changes in ductal morphology in response to specific genetic perturbations that would not have been possible with 2D analysis (Short et al. 2013 (Short et al. , 2014 . Although a more thorough 3D analysis of mammary ductal patterning has yet to be done, the imaging presented here represents a first step by comparing two strains, the CZECHII/EiJ and KK/HlJ, for which there are not only differences in global measurements of ductal development, but also regional differences in ductal patterning.
Biological factors associated with variations in mammary ductal morphology
The biological factors that contribute to the complexity of ductal development traits include age, diet, body mass, body composition, reproductive history, genetic background and in early studies, infection with MMTV (Gardner and Strong 1935; Gibson 1930; Huseby and Bittner 1946; Kamikawa et al. 2009; Olson et al. 2010) . Although early studies did link MMTV infection to the presence of alveolar nodules, there was no connection to other aspects of ductal morphology (Huseby and Bittner 1946) . In addition, the Jackson Laboratory mouse colonies have been free of MMTV since 1999, eliminating this factor from consideration in the current studies (Bean et al. 2000) . The moderately strong correlations observed between the ductal development traits and both body mass and age of vaginal patency support the suggestion that all three of these traits are regulated to some degree by common factors. Variation due to estrus cycle stage was controlled using gonadotropins to synchronize females to estrus at the time of sampling (Hong et al. 2010; Owen et al. 2013) . Because age of vaginal patency was not controlled for, some of the variation observed in ductal development can be attributed to the timing of sexual maturation. In addition, variation in responsiveness to gonadotropins for synchronization, as well as the magnitude of specific hormonal changes could also contribute to variations in ductal development. Despite this, ductal development, when analyzed as a series of quantitative traits, displayed moderately high heritability. This was illustrated by the fact that strain contributed significantly (P \ 0.0001) to the proportion of the observed variance for all traits (Table S1 ). Along with this, the estimated broadsense heritabilities for all 5 traits ranged from 0.32 to 0.65 depending on the age at which the traits were measured. Whether this heritability is the result of the above reproductive factors or the direct effects of factors within the mammary gland proper remains to be determined. Regardless of these caveats, the ability to quantitatively describe ductal development traits, estimate their heritabilities, and identify potential QTL have not previously been reported. In addition, opportunities exist in further analysis on strains showing more extreme variations in ductal development like the KK/HlJ and CZECHII.
Biological significance of detected QTL
The main goal of any GWAS study is to identify candidates for subsequent testing and confirmation. The candidate genes and SNP identified in this GWAS were prioritized by several criteria. The first was effect size, while the second was based on the presence of nsSNPs with potential for modifying protein function. A third criteria was a priori knowledge of biological functions for the genes within any given QTL. Additional criteria included overlap with human BrCA GWAS loci, effects on DMFS (Fig. 10) , or location of SNP within miR target site, chromatin regulatory region or a transcription factor-binding site. From the standpoint of effect size, our most significant locus was Mdq1. Of the genes in this locus, Plxna4 stands out because of its membership in a family of molecules that regulate axon guidance (Ohta et al. 1992; Perala et al. 2012) . These molecules are also expressed in tissues other than the nervous system and play varying roles in developmental and cancer (Perala et al. 2012) . Several Plxn and semaphorin family members are also expressed in the developing mammary gland (Morris et al. 2006) . The second most significant association (Mdq2) contained the Lamc1 and Lamc2 genes, which are important because of their contribution to the extracellular matrix in which the epithelium develops (Aumailley 2013; Klinowska et al. 1999) . The fact that Rgl1 expression in tumors was inversely associated with aggressiveness ( Fig. 10) suggests that this mdq2 candidate gene may also be important. Although nothing is known about the actions of Rgl1 in the mammary gland, we do know that this protein interacts directly with ras and can reverse ras-dependent transformation in NIH-3T3 cells (Okazaki et al. 1996) . Coupling this observation with the fact that ras expression and/or activation can influence both normal mammary development and cancer (Andres et al. 1987; Larive et al. 2012 ) makes Rgl1 an attractive gene candidate within Mdq2. The presence of nsSNP causing potentially significant amino acid substitutions in Apobec4, which encodes for an RNAediting enzyme (Rogozin et al. 2005) , supports the suggestion that this Mdq2 gene could also be an important candidate for functional verification.
Of the remaining QTL detected in this analysis (Table 1) , Mdq4, Mdq11, 13, 14, 15, 17, 19 , and 20 all contain gene candidate's which could function as causal loci in the regulation of mammary ductal development or BrCa. The Mdq4, 14, 15, and 20 loci contained the Spc25, Pcna, Cacybp, and Rnft2 genes, respectively, which had among the most significant of affects in the Kaplan-Meier analysis (Fig. 10 ). Of these, Pcna is essential for DNA replication and repair, spc25 is essential in mitosis, and Cacybp a calcium-binding protein that also plays a potential role in the regulation of b-catenin turnover (Baple et al. 2014; Filipek 2006; McCleland et al. 2004 ). Both Mdq11 and 15 are syntenic with BrCa risk loci that have been detected in human GWAS studies. Of the genes in Mdq11, Plekha7 encodes a protein that interacts with the E-cadherin-p120 complex to regulate tight-junction integrity (Kurita et al. 2013) , Sox6 is expressed in estrogen-receptornegative mammary luminal progenitor cells and regulates lineage commitment (Kendrick et al. 2008) , and Pik3c2a belongs to the most mutated-signaling pathway in BrCa (Miller et al. 2011) . The Plekha7 gene has also been found to be overexpressed in invasive lobular carcinoma of the breast (Castellana et al. 2012) . In Mdq15, Tbx3 is the most interesting in that it encodes a protein that plays a major role in fetal mammary ductal development and has been implicated in a number of cancers including, pancreatic, melanoma, and breast. Importantly, TBX3 has also been implicated in the dominantly inherited condition known as mammary-ulnar syndrome (Bamshad et al. 1997 (Bamshad et al. , 1999 . Studies in the mouse have demonstrated that Tbx3 interacts with a number of important morphogenic-signaling pathways including those for retinoic acid signaling, Wnt, and FGFR (Cho et al. 2012; Davenport et al. 2003; Eblaghie et al. 2004) Along with this, haplo-insufficiency for this Tbx3 results in altered placement or reduced numbers of mammary placodes and diminished ductal branching during the fetal period of development (Douglas and Papaioannou 2013) . The last 2 QTL of interest, Mdq13 and 19, contained the genes Wnt2, and Arhgap42 and Pgr, respectively. Expression of both Wnt2 and Pgr is developmentally regulated within the mammary gland ductal epithelium (Buhler et al. 1993; Kouros-Mehr and Werb 2006) . In addition, Pgr is required for normal mammary ductal side branching (Mulac-Jericevic et al. 2003) and targeted deletion of Pgr in the mouse results in delayed tumorigenesis in response to DMBA (Lydon et al. 1999 ). The protein encoded by Arhgap42 has not been directly connected to mammary ductal development, but belongs to a family including P190A and B, which are required for normal mammary development P190A and B (Chakravarty et al. 2003; Heckman et al. 2007; Vargo-Gogola et al. 2006) .
Intersection with regulatory elements
Because so few of the mdq loci contained genes with linked nsSNP that were capable of disrupting protein function, it was important to leverage data on other regulatory features in the genome to narrow the candidate list prior undertaking gene expression studies. There are now several striking examples of success with this approach, along with web-based tools available for the analysis of human regulatory SNP (Boyle et al. 2012; Macintyre et al. 2010; Thomas-Chollier et al. 2011; Ward and Kellis 2012) , Unfortunately, application of this approach to mouse data is not as well developed and somewhat more challenging. In this regard while genomic overlaps in the high-LD SNP from this analysis were easily detected, high-throughput approaches for the appropriate statistical tests to predict the biological significance in these overlaps were not as readily available. With these limitations in mind, however, the 208 high-LD SNPs that were found to overlap with open chromatin containing either STAT5 or PgR-binding sites or HOMER motifs is a more manageable number of causal loci to screen than the original 6,650. In addition, the presence of 3 0 UTR SNPs adds and addition 5 SNP to be screened for effects on gene expression.
Summary and conclusions
In summary, using publicly available SNP data in conjunction with quantitative measurements of mammary ductal development traits in strains from the MDP, new loci within the mouse genome have been identified that contain genes of potential importance not only to controlling normal mammary gland development, but also influencing the potential for BrCa development in humans. As a result, there are now some 208 SNPs that can serve as future targets for a potential role in regulating the expression or function of genes underlying mammary ductal development and BrCa. Although future studies are needed to better prioritize and confirm these SNP, these initial results support the suggestion that they will further our understanding of both normal mammary ductal development and BrCa.
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